SUMMARY: In order to determine the factors governing the spatial distribution of effort, it is essential to better understand the relationship between CPUE and abundance. In this study the spatial distribution of effort of the Namibian hake trawl fleet is examined by looking at competitive abilities among vessels, spatial allocation of effort, competition between vessels and equalisation of catch per unit effort (CPUE). The Ideal Free Distribution (IFD) was used as the foundation for deriving the tests. The results show that interference competition does not occur among vessels. Nevertheless, the prediction of the IFD of the equalisation of CPUE was confirmed in this fishery and indicates that the number of vessels in a specific area reflects stock density. Since there is no interference competition among vessels, the catchability coefficient (q) is not affected by this factor. Moreover, we infer that the CPUE from the whole area is not distorted as an index of abundance by the way effort is allocated in this fishery.
INTRODUCTION
The relationships between catch and fishing effort are known to be complex and not simply governed by fish abundance (Rothschild, 1977; Clark and Mangel, 1979) . However, because of a lack of better information, catch-per-unit-effort (CPUE) remains a common index of abundance in many fisheries. It is used either as a direct indicator of abundance (Cooke, 1985) or as a means of fine-tuning other stock assessment techniques (Deriso et al., 1985) . Both fish abundance and behaviour of fishers and their interaction will influence CPUE. In spite of the wide use of CPUE, until recently, little work SCI. MAR., SCIENTIA MARINA
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Dynamics of the Namibian hake fleet and management connotations: application of the ideal free distribution* has been directed towards understanding how the movement dynamics of fishing fleets affects fisheries statistics.
The ideal free distribution (IFD) theory explains the distribution of foraging animals in relation to the distribution of their resources (Fretwell and Lucas, 1970; Sutherland, 1983) . Any fishery is a compound of two elements, the fleet and the resource, the former being the foraging population and the latter being resource. The components of the fleet within the theoretical framework of the ideal free distribution (IFD) must fit the following assumptions: (i) vessels have equal fishing power; (ii) skippers have perfect knowledge about the distribution of their target species; (iii) travel cost between fishing grounds is negligible; (iv) skippers select fishing grounds on the basis of maximising fishing efficiency. Although the assumptions will certainly be violated in the real world, Milinski and Parker (1991) showed that the IFD presented a reasonably robust starting point for such analyses. However, violations of these assumptions also generate typical spatial distributions (Fretwell, 1972; Abrahams, 1986; Houston and McNamara, 1988) .
The IFD has been applied successfully to a wide variety of biological systems as well as to the problem of effort allocation within fishing fleets (Abrahams and Healey, 1990 Healey, , 1993 Healey and Morris, 1992; Gillis et al., 1993; Gillis and Peterman, 1998) . Most models assume that some inverse relationship must exist between catch rate and vessel density. Abrahams and Healey (1990) suggested that the spatial distribution of the British Columbia salmon troll fleet could be described through a modified form of the ideal free distribution.
Although competitive interactions may be inferred from the distribution of fishing vessels (Hilborn and Ledbetter, 1979; Healey and Morris, 1992; Gillis et al., 1993) , direct evidence is scarce. Some work tends to model fishing effort in an aggregate manner from the effort or the space perspective (Mangel and Clark, 1983; Mangel and Beder, 1985; Allen and McGlade, 1986; Mangel and Clark, 1986; Hilborn and Walters, 1987; Anganuzzi, 1996) . However, analysis on a fine scale of searching effort by individual vessels has seldom been done (Polacheck, 1988) . In an experimental study, Abrahams and Healy (1993) manipulated vessel density of salmon trawlers and found that catch rates in the low-density area were higher for Chinook salmon and spiny dogfish, supporting the operation of competitive interactions, although no such effect was observed for Coho salmon. Competitive interactions among beam trawlers in the southern North Sea are likely since beam trawlers exhibit a patchy distribution with more than 70% of effort concentrated in only 20% of the fished area (Rijnsdorp et al., 1998) . Strong support for interference interactions comes from a study of the Dutch beam trawl fleet which showed that individual catch rates of beam trawlers increased by 10% when vessel density was reduced to about 25% of the initial density (Rijnsdorp et al. 2000) . It was also demonstrated that catch rate was positively related to engine power, while the increase in catch rate could only be partly explained by the larger area swept per unit of time by the more powerful vessels, suggesting that the competitive ability increased with engine power.
Applied to fisheries, the IFD theory predicts that vessels will distribute themselves over their resources in such a way that the density of vessels will be proportional to resource abundance and that vessels will have equal catch rates, irrespective of the vessel density. If vessels differ in competitive ability, better competitors will generally be overrepresented in the better patches while poorer competitors will be over-represented in the poorer patches (Sutherland and Parker, 1985) .
The most relevant assumptions of the IFD for our study are that: (i) vessels have equal competitive abilities; (ii) vessels can change areas without restrictions or travel costs; (iii) competition between foragers occurs in proportion to their local density. However, violations of these assumptions also generate typical spatial distributions (Fretwell,, 1972; Abrahams, 1986; Houston and McNamara, 1988) that may be used to diagnose which assumptions have been violated.
Under these circumstances, the IFD predicts that the profit rate or catch rate for an individual in an area will be proportional to the availability of resources divided by the number of individuals foraging there. When each forager is free to move so as to maximise its own profitability, the result is an equilibrium distribution in which foragers in different spatial areas have the same catch rate, which is called equalisation of catch rate (Hilborn and Ledbetter, 1979) . This theory thus predicts that the number of foragers in each area will reflect the abundance of resources better than catch rate. The objective of this study is to contribute to the knowledge of fleet dynamics specifically on the part of effort allocation. Effort allocation, within the theoretical framework of the ideal free distribution (IFD), will be investigated for the Namibian hake fishery.
MATERIALS AND METHODS

Data
Catch and effort data from the bottom trawl fleet targeting both Merluccius capensis and Merluccius paradoxus off Namibia were used in the analysis for the period from 1994 to 1999. All vessels included were active in the hake fisheries for three years or longer. The basic data have a spatial resolution of grid squares (20 x 20 nautical miles) and a temporal resolution of one day. The data originated from the logbooks completed for each fishing vessel and handed to the authorities at the end of each fishing trip. The daily data comprise vessel code, engine power, gross registered tonnage, date, hours trawled, number of trawls, water depth, landings, target species and grid square number.
Correction of effort
The generalised linear modelling (GLM) analysis from Voges (2004) shows that the gross registered tonnage (GRT) of the vessels explains most of the variability in CPUE (Table 1) . Since the GLM analysis also showed that GRT-year interactions have a significant influence on the CPUE, these effects need to be taken into account in this study of the movement and behaviour of the fleet.
In this analysis of fleet dynamics, the effect of the different GRT-classes on CPUE can be removed to a certain extent by applying the correction calculated by the GLM. From the GLM analysis, the factors for GRT and year, as well as the interaction between the two variables from the model, were used to standardise the effort for each GRT-class and year to be used in the analysis in this chapter (Fig. 1 ).
The vessel factor (V) = exp(w year*GRT + a GRT + b year )
(1)
The effort was standardised by:
hours trawled x V (2)
Spatial dynamics of effort
In order to judge whether the movement assumption of the IFD that vessels can change areas without restrictions fits in this fishery, the distribution of effort over the fishing grounds was investigated. The number of trawling days was used as a measure FLEET DISTRIBUTION: MANAGEMENT CONNOTATIONS 287 To determine whether the spatial fishing strategies of different vessels were a major determinant of fishing success, the spatial diversity of each vessel for each year was described by the Shannon-Wiener diversity index (Margalef, 1956; Abrahams and Healey, 1990) . The Shannon-Wiener diversity index (H´) is calculated as: (3) where p i is the proportion of time spent fishing in grid square i, and is the number of grid squares trawled (Zar, 1999) .
The minimum value occurs if a vessel fishes only in one area. The index increases as vessels distribute their time equally among a large number of grid squares. The diversity index was calculated for each vessel for each year. The evenness index (E) (Pielou, 1966) was calculated from the diversity index:
where S is the total number of grid squares covered by each vessel. Evenness is a measurement of how well-dispersed the distribution of effort is. When effort is spread evenly over the whole area covered, evenness is one, but when the effort distribution is concentrated in certain areas the value decreases. A plot of E versus the CPUE of all vessels for the period from 1994 to 1999 year was made in order to determine whether there is any relationship between the evenness index and the relative catch rates of individual vessels, using a curve estimation method from the "SPSS " Base 9.0" statistical package (SPSS Inc. 1999) .
Competition among vessels
Competition is defined as an interaction between vessels that results in a decrease in CPUE associated with an increase in the number of vessels and is a necessary condition for the operation of an IFD (Gillis et al., 1993) . Competition can be interference competition, exploitative competition, or a combination of the two. Interference competition usually results in a reversible reduction in CPUE due to interactions between foragers or between forager activities and prey behaviour. In this study the shortterm effect of vessel activity on catch rates in a specific area is tested and thus interference competition is investigated.
For this analysis, data from the whole fleet were grouped into grid squares and weeks. Seven day standard weeks were used, beginning on January 1, 1994. The unit of effort used was hours trawled (corrected using the GLM). The comparison between the changes in CPUE values between weeks of increasing and decreasing effort was made using two different procedures, namely the Mann-Whitney U test, as applied by Gillis et al. (1993) , as well as a 2 X 2 contingency table (Zar, 1999) . The Mann-Whitney U test takes into account the magnitude of the changes in CPUE for increasing and decreasing effort. The second procedure was built up with the purpose of considering only the sign of the changes regardless of their magnitude. The numbers of increasing and decreasing events in CPUE were counted when effort decreased and increased for every year and for the whole study period. The null hypothesis was that frequencies of changes in CPUE are independent of the frequencies of changes in effort.
Equalisation of CPUE
Previous authors (e.g. Hilborn and Ledbetter, 1979) focused their studies on the ratio of CPUE within an area to the average CPUE among all areas. They hypothesised that this ratio would remain constant over time and would reflect the relative costs of fishing in each area. Also, if CPUE and costs were equal in all areas, then this ratio would be one. Regressing the arcsine-transformed proportions of total catch and total effort in each grid square for each week in each year tested the equality of CPUE among areas. According to Gillis et al. (1993) , if effort is allocated among areas so that CPUE is equalised among areas, then when C i and f i are the catch and effort in area i for a particular week:
where R is the ratio, or CPUE value, that is
equalised among all areas in the week being considered. By rearrangement, then:
This is the general form of a linear regression Y = bX + a, where b = 1 and a = 0.
Thus, if the IFD applies, the regression of the proportion of catch in area i on the proportion of effort in area i will be a line with an intercept of 0 and a slope of 1. If the IFD holds, all points will fall on this line, regardless of the weekly values of.
RESULTS
Both the adjusted and the unadjusted CPUE per grid square and each year for the period from 1994 to 1999 are shown in Figure 1 . Clearly, the adjusted mean CPUE shows the higher efficiency of the mean size vessels in comparison with the bigger ones.
Spatial dynamics of effort
The distribution of effort by latitude of the hake fleet, landing at the two different ports, is shown in Figure 2 . It is clear from this that vessels from both ports cover the entire area, but that most effort is concentrated closer to the homeports. The area trawled by the fleet varied between years (Table 2 ) from a minimum percentge of total fishing ground in 1994 to a maximum in 1999.
The evenness index for all boats is below 0.5 (Fig. 3) , indicating that effort is not evenly distributed over the whole area, in which case the evenness index would have been close to 1. Therefore, the effort distribution can be considered as concentrated in certain areas to a certain extent. However, there was no significant relationship between the evenness index for each vessel for each year and the CPUE, in which the Pearson correlation coefficient was low and moreover negative (-0.29) . This indicates that the strategy of effort distribution does not have an effect on catch rates.
Competition among vessels
No significant inverse relationship was detected between changes in effort and the corresponding changes in CPUE within an area when the mean change in CPUE values was considered ( Table 3 ), suggesting that there had been no interference competition between vessels. In 1994 and 1995 the distributions of changes in CPUE were not significantly different under the presence of increasing or decreasing effort. There was, however, a significant positive relationship from 1996 to 1999 (Fig. 4) , with increasing CPUE when effort increased.
For the count of decreasing and increasing CPUE events with the increase in effort, as shown FLEET DISTRIBUTION: MANAGEMENT CONNOTATIONS 289 in the 2 x 2 tables (Table 4) , basically the same results were obtained as when the two-tailed MannWhitney U test was used. For 1994 increasing or decreasing effort caused no significant change in CPUE. Thus, there was a significant difference between the change in CPUE during increasing and decreasing effort for all years except for 1994 using both tests. There was, however, a positive relationship, since overall CPUE decreased when effort decreased and increased when effort increased. Therefore, it can be concluded that there is little or no evidence of either exploitation or interference competition between vessels.
Equalisation of CPUE
The linear regression of the proportion of the weekly catch in an area on the proportion of weekly effort in that area provided a significant fit to the predicted data (Fig. 5 ). An examination of the transformed proportional effort values revealed a nearly bell-shaped distribution. Therefore, linear regression was used as the statistical model for the hypothesis tests about the equalisation of CPUE 290 E. VOGES et al [1994] [1995] [1996] [1997] [1998] [1999] .
Means are illustrated with their 95% CI. among areas. For each of the years and the years combined, there was no significant difference between the observed slope and the slope of 1 that was predicted by the IFD (Table 5 ). This suggests that CPUE was equalised among areas fished, as predicted by the IFD.
DISCUSSION
The theory of IFD has proven to be a useful way to understand distribution of fishing effort and to predict its possible effect on CPUE as an index of abundance. In this analysis it was assumed that vessels have the same competitive abilities after the effort was adjusted using the results of the GLM analysis. Although the fleet does not distribute its effort evenly over the whole area, it does cover a considerable part of the total fishing area. It can be concluded that the fleet is generally able to move freely between fishing grounds. Moreover, the prediction of the IFD that was tested does hold for this fishery: vessels move between fishing areas in order to equalise catch rates between areas.
The GLM analysis, at present one of the most efficient procedures for analysing dependant factors, has shown that the different GRT-classes of the vessels, together with the year effect, play the most important role in influencing the CPUE. This effect changed over the years, with a resulting loss in the "fishing power" of the bigger vessels. The difference in catch rates between the small and big vessels can mainly be ascribed to differences in the fishing power of the vessels, while the decrease in efficiency of the big vessels over time can be ascribed to a change in fishing strategy. It is known, from the industry, that this loss in fishing power does not indicate changes in hake abundance but a change in the strategy of the big vessels. Quotas for the big freezer boats have been decreasing gradually since 1994, when an onshore processing policy was introduced in order to create more employment for Namibians. The result of this, as well as market preferences, forced owners of large vessels to increasingly produce valueadded products. Therefore, smaller quantities of hake are caught in order to optimise the value of the catch. The search for bigger fish results in reduced catch rates.
The spatial distribution of effort is not completely even, but about 60% patchy. The fishing pattern of individual vessels (according to the evenness index) does not have a significant relationship with the catch rates of the vessel. Thus, whether a vessel distributes most of its effort only in a small area, or whether it covers a bigger area, has no significant influence on the catch rates of the vessel. The range of the evenness index is between 0.45 and 0.2. Coverage of the total fishing area is good in all years, with an average of about 80% of the number of grid squares covered. Although more effort is expanded in the area between 22 and 28ºS, it can be assumed that the vessels are relatively free to move between areas, if needed. This is one of the assumptions of the IFD.
Another of the assumptions of the IFD is that competition between foragers occurs in proportion to their local density. In this study no evidence of interference competition was detected among vessels. Although this is surprising, it may be a positive sign for the Namibian hake fishery. This observation may indicate that the level of exploitation of the 1999) . Increases in effort from one week to another in a specific grid square do not have a negative influence on CPUE, and this may be because the effort is not enough to have an interference effect or to disrupt the fish. Hilborn (1985) emphasised that the best starting point for the investigation of effort allocation is to assume that the vessels will move to equalise CPUE. In this study it was seen that this does indeed happen. If interference competition occurs between vessels, the slope would tend to be less than 1. Since CPUE is equalised over the whole area, the number of vessels in a specific area should be a better indication of stock abundance than the CPUE. This particular situation is valid for the period analysed in this study. This scenario may change in the future if effort increases to the level at which interference between vessels takes place. Annual analysis on vessel competition may be considered as an additional tool for examining the condition of many fisheries.
The main implication of the results from the proportional regression analysis is that the changes in CPUE values will reflect trends in abundance within the stocks. If equalisation of CPUE occurs, a local decline in abundance in the stock will be tracked by changes in the proportion of fleet effort expended on that stock rather than the CPUE value (Gillis et al., 1993) . CPUE for different areas may be pooled when used as an index of abundance.
Interference competition between vessels will contribute to variability in the catchability coefficient (q), which is usually considered to remain constant in traditional stock assessment methods. In this study it has been shown that there is no evidence of interference competition between vessels, so q is not influenced by this factor for the period analysed (until 1999) . The size of the Namibian hake fleet was reduced in 1994 and the effort expended by the fleet seems to be at a favourable level, so that there is very little to no interference competition between the vessels. If the fleet size changes in the future, the effect on competition between vessels should be monitored and the possible influence on q and the resulting breakdown of the relationship between CPUE and abundance should be kept in mind. A systematic monitoring of interference competition is recommended in future management strategies, as any change from present results will be indicative of a qualitative and quantitative change in the fishery scenario.
